Studying the role of cellular proteins in lentivirus HIV-1 life cycle can help understand virus assembly and budding, leading to improvement of LV production for gene therapy. Lentiviral vectors were purified using size exclusion chromatography (SEC). The cellular protein composition of LVs produced by two different methods was compared: the transient transfection system pseudotyped with the VSV-G envelope, currently used in clinical trials, and a stable producer cell system using a non-toxic envelope derived from cat endogenous retrovirus RD114, RDpro. Proteins of LVs purified by size exclusion chromatography were identified by tandem mass spectrometry (MS/MS). A smaller number of cellular protein species were detected in stably produced vectors compared to transiently produced vector samples. This may be due to the presence of co-purified VSV-G vesicles in transiently produced vectors. AHNAK (Desmoyokin) was unique to RDpro-Env vectors. The potential role in LV particle production of selected proteins identified by MS analysis including AHNAK was assessed using shRNA gene knockdown technique. Down-regulation of the selected host proteins AHNAK, ALIX, and TSG101 in vector producer cells did not result in a significant difference in vector production.
Introduction
Lentiviral vectors (LVs) have been applied in several clinical trials for the treatment of monogenic disorders such as beta-thalassaemia [1] , Wiscott-Aldrich syndrome [2] and Metachromatic Leukodystrophy (MLD) [3] . Besides ex vivo therapy of hematopoietic stem cells (HSC), LVs can efficiently transduce dendritic cells [4] [5] [6] given them the potential to be used as vaccines in larger groups of patients. LVs are also widely used as experimental tools for stable genetic modifications of cells in research laboratories, e.g. shRNA libraries [7] and gene editing [8] .
Most commonly lentiviral vectors are produced by transient transfection. This method has several disadvantages as vectors can only be produced over a short time and production is labour-intensive as well as difficult to scale up. Furthermore the presence of DNA plasmids in produced vectors requires their purification, complicating downstreamprocessing. With the increasing need for large amounts of LVs a packaging cell line stably expressing LVs is desirable. Packaging cell lines such as tetracycline-dependent systems [9] [10] [11] have been developed, with variable vector production abilities. The producer cell line STAR stably expresses high levels of a codon-optimised HIV-1 gag-pol introduced by transduction with murine leukaemia virus (MLV) derived vectors as well as rev and tat [12] . STAR cell produced vectors are pseudotyped with a gammaretroviral envelope RDpro as it can efficiently transduce HSC as shown for vectors produced by STAR-RDpro cells [13] and shown for the next generation of stable RDpro-pseudotyped producer cells (WinPac) in comparison to transiently produced VSV-G pseudotyped vectors [14] and is not cytotoxic [15] , unlike VSV-G which has been used in transiently produced LVs in current clinical trials.
Studies of wild-type HIV-1 virus showed that proteins such as the transcription factor 1-alpha (EEF1A1), programmed cell death 6-interacting protein (ALIX or AIP1), annexin A2 or 5 and alpha-enolase [16] [17] [18] were associated with virus particles. These proteins were also identified in studies on crude or purified lentiviral vectors [19, 20] . Several groups [19] [20] [21] have used mass spectrometry (MS) to identify vector associated host cell proteins. Further analysis of vector-associated host proteins can point the way towards fundamental virus-host interaction in viral vector assembly, in particular, the protein-protein and protein-RNA interactions during viral particle assembly and formation. Ultimately this knowledge can be applied to improve vector production.
In this study we purified lentiviral vectors using size exclusion chromatography (SEC) a purification method that was used during processing of a HIV-1 based VSV-G pseudotyped lentiviral vector in a phase I clinical trial [22] and then used LC-MS/MS to analyse the protein composition in the purified vectors generated by transient production pseudotyped with VSV-G and by stable producer cell line, STAR, pseudotyped with the RDpro envelope protein.
We further analysed the effect of these proteins on vector production using small hairpin RNA (shRNAs) -mediated gene regulation. Our results showed insignificant effects of knock-down expression on vector production levels.
Materials and methods

Lentiviral vectors
Lentiviral vectors were either produced by transient transfection of HEK 293T cells [23] or by a stable producer cell line [12] . Six different vector samples were prepared. Transiently produced vectors were 1) VSV-G-GFP: transfection of DNA plasmids coding for VSV-G Env, structural protein HIV-1 Gag/Pol, Rev and a SIN-vector genome with GFP marker gene driven by a human phosphoglycerate kinase 1 (PGK) promoter; 2) VSV-G-Empty: transfection of DNA plasmids coding for VSV-G Env, HIV-1 Gag-Pol and Rev, 3) Gag/Pol-GFP: transfection of DNA plasmids coding for Gag/Pol, a vector genome and Rev. 4) VSV-G only: a sample produced by transfection of only the VSV-G envelope and the SIN-LV genome plasmid. Stably produced vectors were packaged by STAR-RDpro-HV or STAR-RDpro cells [12] . STAR-RDpro-HV, derived from HEK 293T cells, are continuously expressing RDpro envelope protein, Gag/Pol, a non-SIN vector genome with marker protein GFP, driven by a spleen focus-forming virus (SFFV) promoter and Rev, producing vector sample 'RDpro-GFP' (sample 5). STAR-RDpro express RDpro, Gag/Pol and Rev but no vector genome and produced vector sample 'RDpro-Empty' (sample 6). For vector sample preparation, cells were seeded on 15 cm dishes. For vector samples 1) to 4) cells were transiently transfected 24 h later. Following a medium change 24 h later, vector containing supernatant was collected 24 h and 48 h post transfection. Supernatants of each plate were concentrated by ultracentrifugation to a final volume of 900 μl. Transiently produced vector samples were concentrated 40 fold and stably produced vectors 240 fold.
Lentiviral vector purification
For vector purification, a Gilson liquid chromatography system was used, consisting of a pump (model 306), an autosampler (model 231XL) as well as a fraction collector (model FC203B) connected to a temperature controlled rack. Sample injection was controlled by the software Trilution LC 2.1 and sample elution and detection were controlled by Unipoint 5.11 (all parts and software by Gilson, Middleton, WI, USA). Samples were separated by a cooling jacked XK16/70 column packed with Sephacryl-500-HR medium (both by GE Healthcare, Little Chalfont, UK). Sephacryl-500-HR medium consists of cross-linked copolymer beads of allyl dextran and N,N′-methylene bisacrylamide with an average particle size of 47 μm, allowing the separation of macromolecules in the range of 4 × 10 4 to 2 × 10 7 relative molecular mass (M r ). TEN buffer containing 150 mM NaCl, 1 mM EDTA, 10 mM TrisHCl pH 7.4 was used as sample running buffer (Sigma-Aldrich, UK). For size exclusion chromatography 900 μl of crude vector sample were purified per column at a flow rate of 0.8 ml/min. Void peak fractions from a total of 8 runs of 900 μl crude vector samples were pooled and dialysed using slide-A-Lyzer dialysis cassettes (3-12 ml capacity, molecular cut-off 10 000 Da, Thermo Fisher Scientific, UK) overnight in 3 L of 10 mM ammonium bicarbonate (ABC), pH 8.0 (Sigma-Aldrich).
Dialysed samples were freeze-dried using an Edwards E2M2 High Vacuum Pump and resuspended in distilled water. Total protein amounts were quantified by Bradford Protein Assay (BioRad, Hercules, CA, USA) using BSA protein standard (Thermo Fisher Scientific).
Purified lentiviral vector characterisation using LC-MS/MS
Purified and concentrated lentiviral vector samples were digested with trypsin in the presence of 0.05% Rapigest (an enzyme-compatible detergent to ensure protein denaturing; Waters, Milford, MA, USA) and 50 mM ammonium bicarbonate, pH 8.5 for 3 h at 37°C. HCl was added to terminate digestion and ensure breakdown of Rapigest.
LC-MS/MS was carried out using a MS system (Thermo Fisher Scientific, Hemel Hampstead, Herts, UK) equipped with a nano-electrospray ion source and two mass detectors i.e. linear trap (LTQ) and orbitrap, coupled with an Ultimate 3000 nano-LC system, comprising a solvent degasser, a loading pump, a nano-pump, and a thermostated autosampler. After an automated injection, the extracted peptides from each digestion were desalted in a trapping cartridge (PepMap reversed phase C18, 5 μm 100 Å, 300μ id x 5 mm length; Thermo Fisher Scientific), eluted on to a C18 reversed phase nano-column (3 μm, 100 Å, 5 cm length; Thermo Fisher Scientific) followed by a 60 min separation under a column flow rate of 0.3 μl/min using linear gradient of 5-70% acetonitrile and 0.1% formic acid (both by Sigma-Aldrich). Separated and eluted peptides were ionised by electrospray ionisation followed by a MS survey scan (mass-to charge-ratio, m/z 400-2000) in the LTQ, sequentially selecting the five most abundant ions of peptides eluting from the LC at that time, before being passed on to the Orbitrap. The total cycle time for each MS/MS was approximately 30 milliseconds. The Orbi-trap took accurate mass measurement with the resolution of 30 000 parts per million (ppm) and ions were then fragmented in the linear ion trap by collision induced dissociation at collision induced energy of 35%. Subsequently, fractionated ions were separated according to their m/z ratio. Data was collected in data dependent MS/MS mode with dynamic exclusion set to 2 counts. Data analysis including mass spectra processing and database searching was carried out using Thermo Proteome Discoverer 1.2. with built-in Sequest (Thermo Fisher Scientific). Initial mass tolerances for protein identification by MS were set to 10 ppm. Up to two missed tryptic cleavages were considered and methionine oxidation was set as dynamic modification. Peptide sequences by MS/MS were only included when Xcorrelation scores were greater than 1.5, 2 or 2.2 for charge states 1, 2 and 3, respectively. An unambiguous identification was considered when at least two peptides matched to the protein. 2.4. Knock-down of protein expression in vector producer cells using shRNA Selected host proteins were knocked-down using lentiviral vector particles carrying the pGIPZ vector genome (LVs-GIPZ). PGIPZ target sequences were: TSG101-TGCAATAACTTATTCTGGG, ALIX-TAATCT GCAGCCTGATTAG, AHNAK-TAGATCAGGAGCTCCTACG) (Thermo Fisher Scientific). Transduced 293T cells were selected in DMEM with puromycin (10 μg/ml) twenty-four hours after transduction. After a minimum of 10 days in selection medium vector samples and producer cells were analysed for host protein knock-down levels and vector levels by western blotting.
Vector titration
For titration of infectious vector titers by FACS 293T cells were transduced with serial dilutions of vector then cultured for 48 h. Cells were harvested, washed, and analysed by FACS (BD FACSCanto II™) to determine the percentage of GFP-expressing cells and calculate the transduction titre. For titration of physical titre, the p24 ELISA kit 'Lenti-X p24 Rapid Titer Kit' (Clontech, Mountain View, CA, USA) was used to measure p24 protein levels in vector harvests from STAR, transiently transfected 293T cells and STAR-GIPZ and 293T-GIPZ LV producer cells. The manufacturers' protocol was followed. Standard curve dilutions of the kit supplied p24 control were prepared in complete DMEM [Dulbecco's modified Eagle medium (DMEM) (SigmaAldrich, Gillingham, UK) completed by the addition of 10% fetal calf serum (Appleton Woods, Birmingham, UK), 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin (all by Sigma-Aldrich)] and samples measured in one or two dilutions (in complete DMEM) depending on levels of infectious titer (1:4 up to 1:5000).
Q-RT-PCR was used to quantify copies of the vector genome RNA in LV knock-down producer cells and LV harvests. Q-PCR was performed using QuantiTect ® SYBR ® Green PCR kit (Qiagen, Limburg, Netherlands)
targeting the SFFV promoter (forward primer 5′ CGATAAGCTTGATAT CGAATTCCT3′, reverse primer TGCGGTGACCATCTGTTC. The reference gene was human beta-actin.
Silver staining and western blotting
Proteins were separated on sodiumdodecyl sulfate (SDS)-polyacrylamide gels (10% acrylamide) and either visualised by silver staining using the Silver Stain PlusOne kit (GE Healthcare, Little Chalfont, UK) or SilverXpress kit (Invitrogen) or transferred to nitrocellulose membranes (Hybond enhanced chemiluminescence, ECL, Amersham). Antibodies used were: anti-p24 (1:100, mouse monoclonal, ARP 365, CFAR, NIBSC, UK; binds sequence NPPIPVGEIY in p24 of HIV-1 Gag), anti-VSV-G (1:2000, mouse monoclonal, Sigma-Aldrich), anti-RDpro pg70 (1:2000, goat polyclonal, Quality Biotech Inc., Camden, NJ, USA), anti-AHANAK (1:500, mouse-monoclonal, Abcam, Cambridge, UK), anti-TSG101 (1:500, rabbit-polyclonal, SigmaAldrich), anti-ALIX (1:1000, rabbit polyclonal), anti-EEF1A (1:500, mouse-monoclonal), anti-ENO1 (1:500, mouse-monoclonal), anti-MARCKSL1 (1:1000, rabbit-polyclonal) and anti-GAPDH (1:5000, mouse-monoclonal, all by Millipore, Billerica, MA, USA).
Functional category and canonical pathway analysis of LC-MS/MS data
IPA ('Interactive Pathway analysis' of complex 'omics data by Ingenuity ® Systems; [www.ingenuity.com]; Mountain View, CA, USA) was used to determine the most significant molecular and cellular functions and cellular pathways in the LC-MS/MS datasets. Datasets of UniProt identifiers were uploaded into the application. For core analysis of a dataset default settings were applied and only direct relationships between proteins that have been experimentally confirmed in research publications were considered.
Statistical analysis
Statistical analysis was carried out using GraphPad Prism5 (GraphPad Software Inc., La Jolla, CA). Data were analysed using a twoway analysis of variance. Differences were accepted to be statistically significant at p < 0.05.
Results
Vector production and purification by size exclusion chromatography
LV samples were produced either by transient transfection or by STAR-derived LV packaging cells. In addition to full vectors, samples that lack 1 or 2 viral components, e.g. lacking envelope and/or transgene, were also produced. Average transduction titer obtained for full GFP vectors produced transiently and stably were 34.3 ± 8.97 × 10 6 TU/ml and 3.4 ± 2.9 × 10 6 TU/ml, respectively; indicating 10 fold higher transduction titers in transiently produced vectors than in stably produced vectors. The level of HIV p24, a surrogate measurement of vector particle concentration, was 6 fold higher in transiently produced vectors than stably produced vectors. As a result, some stably produced LV were concentrated 240 fold by ultracentrifugation; whilst the majority of vectors were concentrated 40 fold. The concentrated samples were then subjected to size exclusion chromatography and the void peaks were collected for MS/MS analysis. Silver staining of purified vectors collected from SEC void peaks showed dominant bands at the positions correlating with viral proteins pr55Gag (55 kDa) and capsid p24 (24 kDa), (Fig. 1 ). Increasing concentration factor of stably produced samples to 240 fold resulted in an increased level of p24 proteins in purified samples, generating a comparable numbers of vector particles to that of transiently produced vector samples. As shown in Fig. 1 the intensity of capsid protein p24 is comparable between 240 fold concentrated RDpro-pseudotypes and 40 fold VSV-G-pseudotypes. The 57 kDa proteins, correlating to the size of VSV-G Env, gave a strong signal in transiently produced samples, whereas RDpro Env (76 kDa) is below detection limit. A significant number of protein bands shown in crude samples are not detectable in the samples collected from SEC void peaks (Fig. 1) , demonstrating the fidelity of the adopted purification method.
Identification of viral proteins in purified LVs by LC-MS/MS
Transiently and stably produced vector samples for set 1 and 2 MS analysis were prepared from a comparable number of producer cells and concentrated 40 fold by ultracentrifugation and purification before MS analysis. Samples for set 3 MS analysis contain a comparable level of p24, thus comparable physical titres of vectors produced stably and transiently. Peptides of viral proteins, including HIV Gag protein domains (matrix (MA), capsid (CA) and p2), protease (PR), reverse transcriptase (RT), integrase (IN) and VSV-G Env were detected in all 3 sets of purified vectors by LC-MS/MS. The percentage of coverage in protein sequence is shown in Table 1 for MS set 3 samples, produced transiently (40 fold concentrated) and stably (240 fold concentrated). Surprisingly, the RDpro Env was not detectable in RD pseudotyped vectors in the initial study. This may be due to the fact that during a default MS survey scan, five most abundant ions are dynamically chosen for peptide fragmentation to generate a tandem MS spectrum of fragmented ions for subsequent identification of their corresponding peptide sequences; therefore, the ions and their corresponding peptides at low abundance, e.g. RDpro Env, would not be identified. To increase the detection of less abundant proteins in a sample, MS data acquisition was modified, in which, ions that had been detected and selected in the first MS survey scan would be rejected from selection in the next MS survey scan in favour of selecting ions of other peptides. Using this method (from now on referred to as 'rejection method') to analyse RDpro pseudotyped vectors resulted in the identification of RDpro Env protein sequence and significantly more peptide sequences in the MS set 3 samples (Table 1 , column 'MS set 3 rejection'). The percentage of protein sequences identified using the rejection method in stably produced samples is also displayed in Table 1 . RDpro Env sequences identified using the rejection method cover 4%-7% of the RDpro amino acid (AA) sequence in RDpro-GFP and RDpro-Empty vector samples, respectively. Gag-p2 and PR were also only detected using the rejection method in stably produced samples. Coverage of CA protein sequence was the highest ranging between 57% and 79%, equivalent to 122 to 169 AA out of capsid's 215 AA. Peptides of Gag-p6 were never detected in stably produced samples but in transiently produced samples VSV-G-GFP and VSV-G-Empty. As expected no peptides of VSV-G Env were detected in Gag/Pol-GFP samples but in all other transiently produced samples prepared by co-transfection including VSV-G Env. No peptides originating from Gag or Gag-Pol protein were detected in the VSV-Gonly sample.
Identified host cell proteins in purified LVs by LC-MS/MS
The list of MS detected cellular proteins is presented in supplementary Table 1 . Of each type of transiently and stably produced samples three batches were made and analysed by MS (MS set 1 to 3), with the exception of the VSV-G-only sample, which was produced and analysed once. A total of 93 different cellular proteins were identified from all samples analysed. In Gag/Pol-GFP samples that did not carry any envelope proteins, 10 and 15 cellular proteins were detected in MS set 1 and 3, respectively. Five cellular proteins were shared between these two sets. The cellular proteins that were common to all five stably and transiently produced vector samples include Beta-Actin, Heat shock cognate 71, Heat shock protein 70, Histone cluster 1-H2ah, Clathrin heavy chain 1, Alpha-enolase (ENO1), ALIX, Elongation factor 1-alpha (EEF1A) and Cyclophilin A (CypA). VSV-G-GFP and VSV-G-Empty shared 39 cellular proteins. MARCKSL1 was common to VSV-G-GFP, VSV-G-Empty as well as RDpro-GFP and RDpro-Empty LV samples. A summary of the proteins detected in transiently and stably produced samples is shown in Fig. 2A, showing that transiently produced VSV-Gpseudotyped vectors contain considerably more host protein species compared to stably produced RDpro-pseudotyped vectors. A number of bovine proteins were detected in this study, including bovine serum albumin, hemoglobin foetal subunit alpha and beta. These may have potentially been carried over from foetal calf serum used in cell culture and vector production and are excluded from Fig. 2 and Supplementary  Table 1 . No cellular proteins were identified that are unique to vector samples carrying a vector genome (GFP transfer vector), suggesting that none of the detected cellular proteins is solely associated with viral RNA. All cellular proteins that were identified in stably produced RDpseudotyped vectors were also identified in transiently produced VSV-G pseudotyped vectors with the exception of AHNAK (or Desmoyokin; Neuroblast differentiation-associated protein), that is unique to RDpro-GFP and RDpro-Empty samples (Fig. 2) .
Functions of identified host proteins in cellular assembly and organisation
Functional characterisation and analysis of LC-MS/MS identified proteins were carried out using the data analysis software IPA (Ingenuity ® Systems Mountain View, CA, USA) based on functional annotations in the web-based Ingenuity ® Knowledge Database. The total of 93 identified cellular proteins were mapped by IPA, of which 52 are located in the cytoplasm, 15 in the nucleus, 24 at the plasma membrane and two proteins were classified as being located in the extracellular space (Lactadherin and WD repeat-containing protein 1). Identified proteins were further categorised into functional families. Out of the 93 proteins identified, 23 were classified as enzymes, 12 as transporters, 5 as transcription regulators and the remaining 53 proteins were not classified. About 51% of all identified proteins fall in at least one of the functional categories, e.g. cellular assembly and organisation, cell function and maintenance and cell death (supplementary Table 2 ). Some of the proteins have more than one specific function as shown in Fig. 2B , being annotated to function in processes such as the organisation of the cytoplasm and cytoskeleton, in microtubule dynamics, formation of cellular protrusions and in necrosis and apoptosis. The top five canonical pathways each with at least 10 associated proteins of the dataset are displayed in supplementary Figure 1 . These pathways include actin cytoskeleton signalling, epithelial adherence junction signalling and remodelling (supplementary Figure 1B) , integrin signalling and clathrin mediated endocytosis (supplementary Figure 1C ). Proteins associated with mechanisms of viral host cell exit and their association with the top five pathways is illustrated (supplementary Figure 1B and C). Several proteins act in more than one pathway as depicted in the Venn diagrams.
Functions of proteins exclusive to samples containing VSV-G
The functional categories and pathways of 19 proteins that were exclusive to the three VSV-G samples, i.e. VSV-G-GFP, VSV-G-Empty and VSV-G-only, were further analysed using the Ingenuity ® Pathway Knowledge Base. Ten out of the 19 proteins are located at the plasma membrane, eight in the cytoplasm and one in the nucleus. As shown in supplementary Table 2 , these 19 proteins are involved in cellular assembly and organisation, such as organisation of the cytoskeleton, microtubules dynamics and formation of cellular protrusions but also molecular transport. In particular, Actin-alpha, Cofilin 2, Radixin, Ezrin, Tubulin-beta class I, Protein kinase C and casein kinase substrate and Talin 1 are part of the cytoskeleton or function in its organisation. Four of the proteins found in VSV-G Enveloped vectors serve as transporters, including transmembrane transporters (SLC1A5, SLC3A2 and Basigin) and proteins helping vesicular transport, such as Vamp3.
Functions of host proteins common to transiently and stably produced LV samples
Eight cellular proteins common to all produced vector samples include Beta actin, Heat shock cognate 71kDa protein (HSC71), heat shock protein 1 alpha (HSPA1A), HIST1H2AH, Clathrin heavy chain 1, Alpha-enolase, ALIX and Cyclophilin A. Categorising these proteins using IPA software shows that six of them are functioning in cellular proliferation. HSPA1A and Histone H2ah (HIST2AHA) are not categorised by IPA but with chaperone activity and DNA structure organisational functions, respectively, they are also essential for cell maintenance. Three chaperones proteins HSC71, HSPA1A and CypA are common to all LC-MS/MS analysed LV samples. Beta actin and ALIX are involved in viral exit from cells. ALIX is a factor of the Endosomal Sorting Complexes Required for Transport (ESCRT) and functions in multivesicular body (MVB) biogenesis. It has to be noted all of the above proteins, apart from Clathrin heavy chain 1, were also detected in the 240 fold VSV-G-only sample. Elongation factor 1 alpha and MARCKSL1 were common to VSV-G-GFP, VSV-G-Empty as well as RDpro-GFP and RDpro-Empty LV samples and their individual functions are shown in supplementary Table 3 .
3.6.1. AHNAK -cellular protein unique to RDpro-VSV-G and RDpro-empty AHNAK or Neuroblast differentiation-associated protein has been identified only in stably produced LV samples pseudotypes with RDpro Env. Analysis of the IPA database shows that it has been found in several subcellular locations such as the nucleus, cytoplasmic vesicles and intercellular junctions.
Effect of AHANK, ALIX or TSG101 knock-down on vector production
To identify proteins that might be involved in vector assembly in 293T or 293T-derived STAR-RDpro cells, 3 proteins, i.e. AHANK, ALIX or TSG101, were selected for gene knocked down in producer cells using shRNAs. AHNAK was the only host protein identified in RDpro-GFP and RDpro-Empty samples and thus interesting for knock-down analysis. ALIX (ALG-2-interacting protein X or programmed cell death 6-interacting protein PDCDI6P) is one of the proteins common to all vector samples tested. TSG101 was not identified in our MS analysis, but has shown to be important in HIV-1 budding; thus was included in the gene knock down study, as detailed below.
LVs-GIPZ particles to deliver ALIX-, AHNAK-or TSG101-specific shRNA were prepared as detailed in the Methods and Materials section and were used to transduce 293T and STAR-GFP producer cells. TSG101, ALIX and AHNAK protein expression were compared before and after shRNA gene knockdown in both 293T and STAR cells (Fig. 3A  and B) . Based on western blotting analysis, a complete knockdown was achieved for AHNAK, ALIX and nearly complete knock down achieved for TSG101. Lentiviral vectors were further produced from the gene knock-down cells to assess the effects of gene regulation on vector production. Fig. 3C showed that the relative transduction titer of STAR-GIPZ-AHNAK and STAR-GIPZ-TSG101 produced vectors to the control 'scramble' was between 0.7-2.1 fold and 0.6-1.0 fold, respectively. STAR-GIPZ-ALIX produced vectors had an infectious titer of 1.1-2.4 fold compared to the scramble control (not shown). Overall no significant difference in infectious titers compared to the scramble control was observed in STAR-GIPZ-ALIX produced vectors (Fig. 3C) . Vector titers of 293T-GIPZ-AHNAK and 293T-GIPZ-TSG101 cells (Fig. 3D ) were 1.2 fold and between 0.9 and 2.1 fold different, respectively, from the titer of vectors produced by 293T-GIPZ-scramble. 293T-GIPZ-ALIX produced particles had an infectious titer of 0.6-0.8 fold relative to the control scramble. Overall no significant difference in infectious titers compared to the scramble control was observed (Fig. 3D ).
Effect of AHANK, ALIX or TSG101 knock-down on the expression of vector components
Effects of selected gene knock-down on vector production, in particular the expression of vector genome RNA and capsid protein p24 were also analysed. No significant difference compared to the control scramble was observed in viral genome RNA levels (supplementary Figure 2 and 4) and in the expression of viral protein p24 (supplementary Figure 3 ) of vectors produced from any of the three gene knockdown STAR-GIPZ and 293T-GIPZ producer cells. Furthermore, the incorporation of viral genome RNA (supplementary Figure 5) or p24 (supplementary Figure 6 ) into vector particles, produced by STAR-GIPZ after knock-down of AHNAK and TSG101, was measured and showed no significant changes compared to the controls. Interestingly, western blotting of the structural proteins showed, that p55 Gag protein in vectors of STAR-GIPZ-TSG101 cells are 15 to 31 fold higher in three out of four experiments compared to scramble control and STAR-GIPZ-AHNAK Gag precursor levels (supplementary Figure 7) . These data suggest that Gag precursor processing to p24 is impaired when TSG101 protein expression is reduced.
A general assessment of vector production levels in STAR-GIPZ and 293T-GIPZ based on various characteristics of harvested particles was undertaken in order to elucidate any potential differences between both producer cells. The ratio of infectious particles over physical particles based on vector genome RNA copy numbers and p24 levels (TU:RNA:p24) was calculated. Physical particle numbers are based on the assumption that one particle contains two copies of viral RNA genomes and 1 ng p24 equals 3.33 × 10 7 vector particles. The ratios of TU:RNA:p24 in STAR-GIPZ and 293T-GIPZ produced vectors show an interesting difference. RNA copies of STAR-GIPZ produced particles are on average 43 fold higher and corresponding physical particles based on p24 levels are on average 1000 fold higher compared to infectious particles. In contrast, vectors from 293T-GIPZ cells contain 3 fold higher physical particles based on RNA copies and 100 fold higher physical particles based on p24 levels compared to infectious particles meaning they are 10 times more infectious compared to STAR produced vectors (supplementary Figure 8 and 9 ). Overall none of the titration assays showed that protein knock-down of AHNAK, TSG101 or ALIX had a significant, consistent impact in replicate sets of samples on vector particle production regarding infectious or physical particle numbers. In all assays the titer of the control 'no shRNA' varied between 0.5 and 2.0 fold of the titer of the scramble control with no significant difference in any of the experiments.
Discussion
The outcome of recent clinical trials shows that the demand for a large scale of LV production, e.g. in the form of a stable producer cell line, is increasing [2, 3, 25] . A better understanding of vector particle formation during a production cycle, specifically the interaction between host and viral proteins for particle assembly and budding would no doubt be beneficial for an improvement in vector production. In this study, using mass spectrometry (MS) we identified and compared host cell proteins associated with viral components of the transiently produced lentiviral vectors, pseudotyped with VSV-G envelope currently used in clinical trials to stably produced lentiviral vectors, pseudotyped with a non-toxic alternative envelope to VSV-G.
The most significant difference observed was that RDpro pseudotyped vectors contained substantially fewer protein species than VSV-G pseudotyped vectors, indicating that stable STAR-derived producer cells may provide a better production system than the conventional transient production system using VSV-G as a vector envelope, in terms of obtaining a higher purity and quality. A similar number of cellular proteins were detected in envelope free Gag/Pol samples to stably produced RDpro-pseudotyped vectors, indicating that VSV-G envelope proteins have a far higher potential than RD envelope proteins to interact or aggregate with host cell proteins. The larger number of identified cellular proteins is exclusive to SEC-purified samples that contain VSV-G envelope proteins and independent of LV production method, indicating that VSV-G proteins may form VSV-G vesicles of similar size to vector particles and thus could be eluted in SEC void peaks as full LV particles. VSV-G vesicles have been previously reported to be present in VSV-G pseudoyped lentiviral vectors [26] . The significantly smaller number of cellular proteins detected in RDpro pseudotyped vectors may suggest that in contrast to VSV-G proteins, RDpro envelope may form RDpro vesicles at a much lower levels or not at all, which may provide an explanation to the high purity of RDpro Fig. 3. A) . Knock-down efficiency of AHNAK and TSG101 by shRNA in 293T cells by western blotting. B). Knock-down efficiency of ALIX and AHNAK by shRNA is similar in STAR and 293T cells and baseline expression levels in both cell lines are comparable; western blotting allows direct comparison of protein knock-down efficiency in STAR-GIPZ and 293T-GIPZ 7 days post-GIPZ transduction. Equivalent loading of total protein was verified by western blotting of GAPDH (10 μg of total protein of cell lysates per lane). Negative control was 293T cells without transduced GIPZ-LV ('no shRNA'). Protein molecular seizes are indicated. C). No significant effect of shRNA mediated knock-down of AHNAK and TSG101 on infectious particle production from STAR-GIPZ cells was seen. Infectious particle production from STAR-GIPZ cells from four sets of samples (transducing units/ml vector harvest) are shown and are the average of 3 wells/sample per set. Bars on columns indicate SD. D). No significant effect of shRNA mediated knock-down of AHNAK, ALIX and TSG101 on infectious particle production in 293T-GIPZ cells (p > 0.05). Infectious particle numbers in 293T-GIPZ vectors of two sets of samples (transducing units/ml vector harvest), shown is the average of 3 wells/sample per set.
pseudotyped vectors observed in this study. It is however possible that differences in cell characteristics between 293T cells and STAR cells (clonal cells derived from 293T cells) is responsible for the difference in cellular protein co-purification. In order to confirm that envelope characteristics are dictating this difference, RDpro pseudotypes transiently produced from 293T cells may be analysed alongside. A method to eliminate VSV-G vesicles could be protease digest of vectors, e.g. using subtilisin, which has been used for protein digestion on the surface but not inside the HIV-1 virion [27] followed by sucrose-gradient centrifugation to separate microvesicles from vector particle samples [28] .
To distinguish proteins associated with the viral envelope or potentially present microvesicles from proteins that are associated with the viral core, a transiently produced RDpro-pseudotyped vector sample should be analysed.
RDpro-pseudotyped vectors showed a 10 fold lower transduction efficiency. This has been shown in other experiments with both stable and transient LV productions using RD114 derived envelopes in this project as well as by others [15, 24] . This could be due to less abundant RDpro envelope proteins on the vector surface or fewer envelope receptors for RDpro on host cells compared to VSV-G envelope proteins.
The predominant functions of MS-identified cellular proteins are cytoskeleton organisation, vesicular transport and cell death. Some of the identified proteins are known to assist in trafficking of viral proteins to assembly site e.g. actin, tubulin as well as budding from cell e.g. ALIX and Clathrin. Other detected proteins, such as MARCKSL1 and ENO, that have not been shown to function in HIV-1 assembly, could be associated with purified vectors due to a role in vector assembly and budding. The presence of proteins functioning in necrosis and apoptosis could be due to induced stress of vector production in the cells. Many of the proteins, such as proteins of the cytoskeleton or cytoskeleton regulators as well as proteins associated with vesicular trafficking and transmembrane proteins, that were identified in our study have been found in mass spectrometry analysis of various sucrose gradient purified enveloped viruses in other publications [16, [29] [30] [31] [32] [33] suggesting similarities in assembly and budding processes of different enveloped viruses resulting in the association of similar cellular proteins, e.g. secretory pathway trafficking of envelope proteins. Taking into account the MS-results from this study using 293T cells and those from a a study on HIV-1 virions with a different cell type, MDMs, it suggests that at least a subset of host cell proteins is not randomly incorporated [16] .
Knock down of gene expression of AHNAK, ALIX and TSG101 in producer cells in STAR-RDpro as well as 293T cells showed that infectious titers as well as physical titers of vectors were comparable to cells in which gene expression was not knocked-down; hence reduced protein levels did not have a measurable effect on LV production. One explanation could be that these cellular proteins do not influence LV assembly or budding in producer cells. Depletion of ALIX in HIV-1 infected cells by siRNA resulted only in a infectivity reduction of approximately 2 fold compared to about 17 fold reduction in infectivity after knock-down of ALIX in EIAV infected cells [34] . ALIX may only play a minor role in HIV-1 budding and may be more important in EIAV budding. Increasing the efficiency of TSG101 knock-down in 293T or STAR-RDpro cells used in our study could potentially result in a better knock-down reducing residual TSG101 mRNA levels. Alternatively, only a simultaneous knock-down of TSG101 and ALIX protein expression might result in reduced vector release and, as each protein binds to a different L-domain during viral assembly, PTAP [35] and YPXL [36] .
For complete elimination of a specific protein, gene expression can be knocked out by using sequence specific nucleases such as transcription activator-like effector nucleases (TALENs) [37] , clustered regularly interspaced short palindromic repeats (CRISRP) [38] or zinc finger nucleases (ZFNs) which can be delivered by viral vectors or directly by transfection [39] , disrupting gene expression or resulting in dysfunctional protein expression. Knock-down of ALIX and TSG101 could potentially affect assembly and budding of VSV-G and RDpropseudotypes differently compared to wild type HIV-1 virions with the gp120 envelope protein [34] . Both, ALIX and TSG101 bind HIV-1 Gag L-domains suggesting that they recruit the viral protein to the assembly side, suggesting that binding of ALIX to p6-Gag compensates for any functional loss regarding virus release when TSG101 expression levels are reduced. This could also be the case vice versa, i.e. TSG101 could compensate in ALIX knock-down cell in vector particle budding.
Since there are a significant numbers of cellular proteins identified in this study, it is considered that the majority of these proteins may still be product of associated impurities rather than functional components. Therefore, the presence of these cellular proteins may compromise product safety and efficacy, may interfere in dose determination and potential related toxicity and unwanted immunogenicity to patients. Current protocols used for vector production and purification in clinical trials include steps that eliminate contaminants including DNA derived from transfected DNA plasmids or genomic DNA from lysed producer cells, using benzonase [40] as well as purification steps such as anion-exchange chromatography for the removal of serum proteins derived from cell culture medium or proteins derived from producer cells [41] . However these methods are not able to remove potentially present impurities that have similar physical properties to those of vector particles. Anion-exchange chromatography is used to separate vector particles from impurities based on the negative charge of vectors binding to the positively charged chromatographic supports such as diethylaminoethanol (DEAE) anion-exchangers [2, 3, 42] , suggesting that protein complexes of similar charge could co-purify with vectors during AExc. Electron microscopy can be performed [26, 43] to visualise the presence of potentisal microvesicles in purified vectors. To analyse if specific proteins are located on the surface or inside purified vector particles, immunogold staining of vectors can be used [21] .
In conclusion, this study shows that 1) the cellular composition in Lentiviral products can vary significantly due to the pseudotyped envelopes, e.g. VSV-G vs RD114 pseudo-typed LV and the production system used, e.g. transient transfection vs stable production and 2) mass spectrometry analysis may be explored as one of the future characterisation methods for quality control of gene therapy products.
Funding
This work was funded by the UK Department of Health.
Author disclosure statement MC and YT are inventors of the STAR packaging system. No competing financial interests exist for all other authors.
